Bdellovibrio-and-like organisms (BALOs) are predatory bacteria that prey upon Gram-negative bacteria and are taxonomically subsumed in the order Bdellovibrionales. Despite their unique lifestyle, these bacteria show remarkable genotypic diversities. The outer membrane of the predators is likely to play an important role during the recognition and invasion stage, as well as in the intraperiplasmic growth phase. In this study, the outer membrane protein fractions of type strains of Bdellovibrio, Bacteriovorax and Peredibacter were investigated, revealing the presence of outer membrane proteins (Omps) similar to the major Omps of Bdellovibrio bacteriovorus. The primary structures of these Omps of Bdellovibrio sp. W, Bacteriovorax stolpii and Peredibacter starrii were elucidated by a combined mass spectrometric-reverse genetic approach. The similarity between the analyzed Omps of the investigated BALOs ranges from 32% to 89% showing conserved amino acid regions in their primary structure.
Introduction
Bdellovibrio, discovered by Stolp and Starr [1, 2] , are known to prey upon other Gram-negative bacteria. All predators originally isolated were named Bdellovibrio, however, this taxonomy proved to be insufficient. Recent analyses of 16S rRNA genes revealed a wide genotypic diversity among these bacteria [3] [4] [5] [6] . Based on phylogenetic studies of original reference strains, a classification into the genera Bdellovibrio, Bacteriovorax and recently Peredibacter [7] , all subsumed in the order Bdellovibrionales, was proposed. Alternatively, the designation Bdellovibrio-and-like organisms (BALOs) was introduced [5] . The different members of the Bdellovibrionales show different prey range characteristics, suggesting specific prey cell recognition and interaction mechanisms, with the outer membrane possessing a key role in these processes.
We recently started the investigation of the cell wall of B. bacteriovorus strains and found lipopolysaccharides containing a lipid A with an unusual structure and novel outer membrane proteins (Omps) [8, 9] . The location and abundance of these Omps suggest a major role in the lifecycle, either during the initial stages of the lifecycle, or during the intraperiplasmic growth phase of bdellovibrios [9] .
In this study, we investigated the Omp fractions of reference strains of the different taxonomic genera of Bdellovibrionales, to study the occurrence and potential relationship of Omps within this remarkable group of bacteria. Mass spectrometric analyses and a reverse genetic approach were performed to elucidate the primary structures of the Omps.
Materials and methods

Bacterial strains and culture conditions
Predator strains and prey bacteria used in this study are given in Table 1 . Growth of prey bacteria and prey-dependent (host-dependent) Bdellovibrionales species was performed as described before [9] . B. stolpii was grown on peptone-yeast extract medium (ATCC 526) at 30°C.
Membrane preparation, SDS-PAGE analysis and mass spectrometry
Bdellovibrionales Omp fractions were obtained from Ficoll-purified predator cells as previously described [9] . SDS-PAGE was performed on 12% (w/v) polyacrylamide gels, according to Laemmli [10] . Protein bands were stained with Coomassie brilliant blue R-250, excised, washed, digested and purified as described before [11] . Mass spectrometric analyses were performed on a Qstar XL mass spectrometer (Applied Biosystems, Foster City, CA) with nanoelectrospray ion source. For protein identification high-performance liquid chromatography (HPLC, Ultimate system, LCPackings, Sunnyvale, CA) coupled to the mass spectrometer was used, and automated tandem mass spectrometry (MS/MS) fragmentation was performed during the HPLC run. The obtained data was submitted to the National Center for Biotechnology Information (NCBI) database search. Additionally, peptide sequences were determined by MS/MS fragmentation in static needle mode without HPLC separation.
Reverse genetics
DNA was extracted from purified attack-phase cells according to Asubel et al. [12] . From the identified peptide sequences, oligonucleotide primer pairs were deduced (see Table 2 ), which were used in the initial amplification step.
The derived products were sequenced and primers within these amplicons were deduced to avoid the presence of ambiguous nucleotide positions. To find the 5 0 and 3 0 flanking regions of the initial PCR-amplicons, genomic DNAs of the corresponding Bdellovibrionales strains were digested with a variety of restriction enzymes and self-circular DNA fragments were created using T4 Ligase. The following reverse-PCR yielded amplicons from the ligated DNA obtained by the restriction enzyme given in Table 2 . To verify the sequencing results, the omp genes were finally amplified directly from genomic DNA using oligonucleotides binding outside the coding sequences (see Table 2 ). In case of the Omps of B. stolpii both coding regions were amplified by the two primers given, as both sequences are only separated by a small intergenic region (Section 3).
All sequences were analyzed with the LASERGENE software packages (DNASTAR Inc., Madison, Wis.) and the Mac Vector software (Oxford Molecular Group, Campbell, CA) to assemble, to align and to determine putative open reading frames. Sequence similarity searching of the current version of GenBank of the National Centre for Biotechnology Information (http:// www.ncbi.nlm.nih.gov/BLAST/) was accomplished with the BLASTN, BLASTP, or BLASTX algorithm [13] . Protein sequence analyses were performed with the protein analysis toolbox of Mac Vector.
The correct reading frame of the omp genes was predicted in agreement with mass spectrometric data and the signal peptide sequences and mature protein sequences were determined by alignment of the gene products with published sequences of B. bacteriovorus major Omps [9] .
Nucleotide accession numbers
The nucleotide and protein sequences for the B. bacteriovorus strains HD100, HD114 and HI100 were obtained from a previous publication [9] . The nucleotide and protein sequences of the Bdellovibrio sp. W, B. stolpii and P. starrii omp genes have been submitted to the EMBL database. The nucleotide accession numbers of the omp genes of Bdellovibrio sp. W, and P. starrii are AJ810383, and AJ810384, respectively. Those of the gene coding for the major and the 46 kDa Omps of B. stolpii are AJ633999 and AJ634000, respectively. The accession numbers for protein sequences are given in Table 3 .
Results and discussion
SDS-PAGE of Omp fractions
The outer membrane protein preparations of different Bdellovibrionales strains were analyzed by SDS-PAGE, revealing the presence of highly abundant proteins (Fig. 1) . Each of the two previously investigated wildtype B. bacteriovorus strains HD100 and HD114 posseses a major Omp of 36-38 kDa (Fig. 1 , lanes (A) and (B) [9] ). The Omp fraction of the strain Bdellovibrio sp. W, which is able to form resting stages, mainly contains one protein with the apparent molecular weight (MW) of 37-39 kDa (Fig. 1, lane (C) ) similar to the B. bacteriovorus prey-dependent strains (Fig. 1, lanes (A)  and (B) ). In case of the axenically grown B. stolpii the outer membrane protein fraction contained two proteins in the SDS-PAGE (Fig. 1, lane (D) ). The highly abundant major Omp in the range of 34-36 kDa contributes to one of these bands (Fig. 1, band 4) . A second band is visible from a minor abundant polypeptide of about 46 kDa (Fig. 1, band 5 ). P. starrii possesses one major Omp, with an apparent MW of 46-48 kDa (Fig. 1 , lane (E), band 6). Two other protein bands in Fig. 1 , lane (E) are detectable in this preparation, which turned out to originate from the prey bacterium P. putida (Fig. 1 , bands 7 and 8, see below).
Mass spectrometry
The proteins observed in the SDS-PAGE analyses were further subjected to mass spectrometric analyses (protein bands 3-8). Tryptically digested proteins were analyzed by HPLC-MS coupling and the obtained mass spectrometric data were submitted to NCBI database searches. In case of the proteins of Bdellovibrio sp. W, B. stolpii and P. starrii (protein bands 3-6) the databank return did not yield a significant result, as on the basis of the mass spectrometric data and search algorithms no similarities to known gene products were found. Therefore, these digested protein bands were further analyzed by manual needle infusion and peptide sequences were obtained by MS/MS fragmentation of selected signals. From these peptide sequences oligonucleotide primer Table 2 Primer pairs for the amplification of omp pairs with wobble positions were deduced and used in a reverse genetic approach (Section 2). The wobble positions were necessary as the codon usage of the investigated strains is unknown. Additional faint bands, visible in the membrane preparation of P. starrii (Fig. 1, lane (E) , bands 7 and 8), were identified as OmpW and OprF from the corresponding prey. While the apparent MW of OmpW (band 7) corresponds to the full-length protein (Table  3) , the apparent size of OprF in the SDS-PAGE is 17-19 kDa (band 8) in contrast to the deduced MW of 34 kDa for the full-length protein. The reduced apparent MW indicates degradation of the preyÕs OprF by P. starrii in a similar manner as has been demonstrated for B. bacteriovorus, which degrades the OmpA of its E. coli prey during the intraperiplasmic growth phase [9, 14] . The OmpA of E. coli and the OprF of pseudomonads exhibit the same structural features, since both porins possess a C-terminal extra-membrane portion, which is associated with the peptidoglycan moiety [15, 16] . This part of the proteins appears to be cut off during the intraperiplasmic growth of Bdellovibrionales.
The occurrence of proteins with prey origin in the membrane preparation of P. starrii is in our opinion an insufficient separation of remaining prey cell envelopes by the utilized Ficoll-gradient, which was not observed for the other investigated Bdellovibrionales.
However, we did not analyze this phenomenon in P. starrii in more detail, as we did in case of B. bacteriovorus [9] . For B. bacteriovorus we excluded the translocation of prey bacterial Omps by studying several preypredator systems, but in case of P. starrii the experimental proof is missing.
Primary sequence of Bdellovibrionales Omps
Following the reverse genetic approach (Section 2), we were able to deduce the primary sequences of the membrane proteins of B. stolpii, P. starrii and Bdellovibrio sp. W, which were in agreement with the mass spectrometric analyses (data not shown). All identified Omps of Bdellovibrionales including the previously published Omps of B. bacteriovorus HD100, HD114, and HI100 [9] form two groups with respect to their molecular weight, one ranging from 34.9 to 38.3 kDa and the second from 42.5 to 46.0 kDa ( Table 3) .
The analyses of the preprotein sequences revealed that all Omps feature a signal peptide of 19-20 amino acids (Fig. 2) .
Previous analyses showed that the N-terminus of the mature protein in B. bacteriovorus major Omps is formed by the amino acid sequence 21 SKARV 25 [9] , indicating that a signal peptide is cleaved during the translocation of the proteins through the cytoplasmic membrane via the Sec apparatus. All of the investigated Omps possess a signal peptidase I cleavage site very similar to the ones of B. bacteriovorus Omps, indicating that all of these gene products possess the same export pathway [17, 18] . Table 3 . The primary sequences of the Omps exhibit a similarity between 32% and 89% and identities reaching from 20% to 82% (Table 4) .
The similarity of the identified Omps parallels the taxonomic relationships between different Bdellovibrionales based on 16S rRNA analyses [3] [4] [5] . The Omps of strains of the genus Bdellovibrio are closely related, while the Omps of P. starrii and B. stolpii have similarity to each other and to Bdellovibrio to a lesser extent. Remarkably, the two identified omp genes of B. stolpii seem to be genetically linked, as an intergenic region of only 91 bp divides both coding sequences.
An alignment of the primary sequences of the identified Omps of the Bdellovibrionales depicts a number of remarkably conserved regions (Fig. 2) . The N-termini of all mature proteins are highly conserved, as well as the C-terminal ends of the gene products. Additionally, a number of peptide stretches within the amino acid sequence are very similar. A search for known peptide motives using protein analysis toolboxes (Section 2), however, failed to recognize such patterns. Whether the conserved regions identify functional domains remains unknown and will be addressed in our future work. The formerly identified major Omps of the B. bacteriovorus strains form preferentially a-helices and little b-barrel structures [9] . In case of the newly identified Omps the secondary structure analyses clearly predicted both types of structures within the mature proteins, but no preference concerning one of these structures could be made.
Conclusion
The aim of this study was to obtain information about the putative relationship of the Omps of different members of the Bdellovibrionales. Our investigations were encouraged by previous observation of novel Omps of B. bacteriovorus strains [9] , whose abundance and location indicate a prominent role in the lifecycle of B. bacteriovorus. We analyzed Omp preparations of more type strains of Bdellovibrionales and found proteins similar to the B. bacteriovorus major Omps in the outer membranes of all investigated predators, thus, supporting an important role of these polypeptides among all predators.
Former studies suggested that B. bacteriovorus translocates a protein into the bdelloplast cytoplasmic membrane to gain access to the cytoplasmic contents of the prey during the intraperiplasmic growth phase [19, 20] . The properties of this protein (MW, pI) were clearly similar to the previously identified Omps of B. bacteriovorus [9] . The finding of similar Omps in all investigated predators suggests such function among all predators.
Conserved regions were inferred from the alignment of the primary sequences of all Omps and direct future genetic and biochemical studies to unravel the function of these proteins. These analyses will clarify the role of the Omps in the context of the predatory lifestyle of these fascinating organisms. 
